In this paper, we study an interacting holographic dark energy model in the framework of fractal cosmology. The features of fractal cosmology could pass ultraviolet divergencies and also make a better understanding of the universe in different dimensions. We discuss a fractal FRW universe filled with the dark energy and cold dark matter interacting with each other. It is observed that the Hubble parameter embraces the recent observational range while the deceleration parameter demonstrates an accelerating universe and a behavior similar to ΛCDM. Plotting the equation of state shows that it lies in phantom region for interaction mode. We use Om-diagnostic tool and it shows a phantom behavior of dark energy which is a condition of avoiding the formation of black holes. Finally we execute the StateFinder diagnostic pair and all the trajectories for interacting and non-interacting state of the model meet the fixed point ΛCDM at the start of the evolution. A behavior similar to Chaplygin gas also can be observed in statefinder plane. We find that new holographic dark energy model (NHDE) in fractal cosmology expressed the consistent behavior with recent observational data and can be considered as a model to avoid the formation of black holes in comparison with the main model of NHDE in the simple FRW universe. It has also been observed that for the interaction term varying with matter density, the model generates asymptotic de-Sitter solution. However, if the interaction term varies with energy density, then the model shows BigRip singularity. Using our modified CAMB code, we observed that the interacting model suppresses the CMB spectrum at low multipoles l < 50 and enhances the acoustic peaks. Based on the observational data sets used in this paper and using Metropolis-Hastings method of MCMC numerical calculation, it seems that the best value with 1σ and 2σ confidence interval are Ω m0 = 0.278 
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INTRODUCTION
The universe is expanding with an accelerating rate since it entered in the dark energy dominated era. The accelerated expansion of the universe in charge of a notion in cosmology is an unsolved riddle. The dark energy as a negative-pressure fluid is the main reason for accelerated expansion of the universe [1, 2] . There are many models proposed for dark energy to tackle the dark energy problems [3] , [4] , [5] , [6] , [7] , [8] , [9] , [10] , [11] to mention a few. Following this, there are a large number of topics concerning the holographic dark energy models (HDE) discussed by cosmologists with various cosmological constraints. The Holographic dark energy model is originated from the holographic principle which is the most important foundation of quantum gravity and has a great potential to solve many issues of various physical fields discussed for a long time [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . The Holographic dark energy model emphasizes on evaluation of number of degrees of freedom in a physical system including its bounding region rather than its volume [32] . One of the main reasons of studying the holographic dark energy models is finding a way to prevent the formation of black holes (BHs) and better investigation of dark energy problems compared to other models [33] , [34] , [35] , [36] , [37] , [38] . In order to prevent the formation of black hole's mass, the minus sign of the equation of state of dark energy is not enough and the most suitable condition for satisfying this issue is a phantom-like dark energy [39] [40] [41] [42] [43] [44] [45] [46] [47] . Despite the fact that the problem of the black hole's mass is not fully resolved, many authors have claimed that the phantom-like dark energy reduces the mass of black hole and it will be turned to be zero in this era before the Big Rip singularity [40-44, 48, 49] . The mentioned Holographic dark energy models are particular forms of Nojiri and Odintsov model who checked the possibility of a universe with a phantom-like equation of state [39] , [45] , [50] , [51] . They also demonstrated that the viable dark energy for the inflationary early universe and late time acceleration of phantom like universe can be investigated by consideration of a covariant holographic dark energy and one can rewrite the modified gravity with scalar-tensor theory where the combination of the features of FRW universe is able to identify the infrared cutoff [52] . Satisfying the conditions about preventing the formation of black hole's mass, a model has been proposed as pilgrim dark energy (PDE) [53] . This model is a generalized holographic dark energy model which changes in its variable result in reaching different HDE models. Recently, this model (PDE) has been studied in the context of fractal cosmology and scrutinized its behavior towards avoiding the formation of BH [54] . Getting benefit of the fractal framework's features, this work reached the fertilized condition to address the BH issue more than using the regular framework. There are also some other works in the field of the fractal cosmology which mentioned the phantom-like behavior in their context. A model of interacting dark energy with additional time dependent term has been purposed showing uncommon results regarding to other cosmological models [55] . The other paper which worked in this framework [56] studied the generalized HDE and dynamical characteristic of its potential. Furthermore, [57] studied the new agegraphic and the ghost dark energy models in the fractal cosmology and investigated the behavior of the equation of state. [58] studied the thermodynamic features of the apparent horizon in the framework of fractal universe. [59] studied the nonlinear interacting dark energy model in this framework and [60] investigated the fractal analysis toward the distribution of galaxies.
It is worthwhile to explain the fractal framework of the universe. According to the profound relation between gravity and thermodynamic, using the Jacobson's derivation of Einstein gravity, one has a new way to comprehend the thermodynamics behavior of gravity [61] . Using this, many authors have had efforts to show that the gravitational field equations can be written in the form of first law of thermodynamics [62] , [63] , [64] , [65] . Regarding this matter, it is also shown that the Friedmann equation in the FRW cosmology can reach the first law of thermodynamics, even by the use of the fractal cosmology as another theoretical approach [58] . In physical cosmology, the fractal cosmology is introduced as a community of theories stating about the fractality over a comprehensive range of scales of the universe and the matter distribution inside it. In large or even small scales, the fractal dimension or matter distribution of the universe is very important. The fractal cosmology [66, 67] -discussed by [68] for the first time -is a power-counting renormalizable field theory existing in a fractal space-time and without ultraviolet (UV) divergence. The renormalizability in theory leads to stable ultraviolet [69] , [70] . In addition, in this framework in the vicinity of two topological dimensions, the renormalizability of perturbative quantum gravity theories lead to more attention to D = 2 + models being able to improve our understanding of four dimensional cases (D = 4). [71] , [72] , [69] , [73] , [74] . For further information, using the fractal framework can be for this reason that our universe witnesses fractals on many levels. One can see the fractal characteristic of the quantum gravity in D dimensional, for D = 3 and D < 3 resulting the regular galaxy distribution and inhomogeneous galaxy distribution, respectively [75] , [76] , [77] . On the other hand, the deep connection between gravitational terms being described in the bulk and first law of thermodynamic can lead to various ideas of holography. Following this claim, in recent years brane theory tiding up in a higher dimensional space-time has drawn many attention [78] , [79] , [80] , [81] . In these theories, cosmic evolution can be explained by a Friedmann equation interacting with the bulk's effect on the brane. The most popular model in the framework of the braneworld has been proposed as DGP which stands for DvaliGabadadze-Porrati [82] . The DGP model changes the four dimensional universe to five dimensional minkovskian bulk. The self-accelerating feature of DGP model has the ability of conveying the late time acceleration of the universe free from any dark energy relation [83] , [84] . This feature of DGP model cannot satisfy the phantom line crossing and for this issue adding an energy term on the brane is required [85] . Accordingly, this added energy term would lead to emergence of a novel way for explanation of the late time acceleration and better compatibility with observational data [85] .
Given the aforementioned explanations, in this paper, we would like to study a new model of holographic dark energy (NHDE) based on DGP braneworld in the framework of fractal cosmology [85] . In spite of the mentioned reasons for this choice of HDE, it may note that this model is very particular example of general HDE introduced by [45] , where a phantom cosmology towards unification of early and late time universe was proposed. We also study the initial matter power spectrum and CMB angular power spectrum are generated by our modified Einstein-Boltzmann CAMB code [86] , [87] with the coupling between dark energy and dark matter which is different from the ΛCDM model in low-l with interacting model. We will study the relevant analysis in this paper for other generalizations of HDE and their comparison as an important issue to find out the behavior of them as future work.
The structure of this paper is as follows. In the next section we review the main equations of the fractal cosmology. In section 3 we study New Holographic Dark Energy Models in the framework of the fractal cosmology. In section 4, we use diagnostic tools s − r and Om planes to characterize properties of dark energy. In section 5, we study the behavior of present model to understand the type of future singularity. In section 6, we study the behavior of the present model in CMB angular power spectrum and matter power spectrum plots. Finally, by use of the combination of recent observational data sets (SN Ia + BAO + CMB + OHD) we fit the relevant free parameters. For this issue, we used Markov Chain Monte Carlo (MCMC) method. The last section is allocated to some concluding remarks.
FRACTAL COSMOLOGY
The total action of Einstein gravity in a fractal space-time (S = S G + S m ) is given by [66, 67] 
and the matter action is
with respect to the Friedmann-Robertson-Walker (FRW) metric g µν one can obtain the Friedmann equation in a flat fractal universe as following [67] 
where ρ = ρ D + ρ m and H =ȧ a The continuity equation in a fractal universe takes the form [67] ρ + 3H +ν
In the framework of fractal cosmology, fractals can be time-like (ν(t)) or space-like (ν (x)) [67] . In this paper we choose a time-like fractal in order to work on functions of scale factor or redshift. Hence, all parameters related to time change to be appropriate in our calculations. Consideration of a timelike fractal profile [67] as ν = t −β would lead to a divergent production of energy as t → 0. For this, with assumption of a well behaved approximation of the universe in the whole expansion at large scales (a(t) ≈ t) one can pass this divergency and we have
where a is scale factor and β = D(1 − α). Choosing timelike fractal profile, the UV regime explains short scales resulting that inhomogeneties § play some role. If these scales are small, the modified Friedmann equations define a background for perturbations rather than a self-consistent dynamics Using 5 changes Eq. 3 to
where D = 4 which stands for four-dimensional space and 0 < α 1 [67, 89] . Now conservation Eq. 4 trasforms toρ
where ρ D and ρ m are densities of dark matter and dark energy respectively, ω D is the equation of state parameter for dark energy. The behavior of interaction with different Q-terms have been studied in [90] [91] [92] [93] . In this work we take a simple interaction term as (Q = 3b 2 Hρ m ) which explains an interaction between dark energy and cold dark matter. Using this interaction term, the conservation Eqs. 7 and 8 in this case take the formsρ
where b 2 is the coupling constant and ρ m 0 is the present value of dark matter density. § In inhomogeneous cosmology the solutions of the Einstein field equations makes the large scale structure of the universe while in the theory of cosmological perturbations being the study of the Universe in a perturbative way, structure formation will be considered [88] 3
NHDE IN FRACTAL COSMOLOGY
The energy density of the new holographic dark energy (NHDE) is given by the following relation [85] 
in which r c = (2H Ω rc ) −1 is the crossover length scale, = ±1 related to the two answers of solution [83] and L = H −1 is Hubble horizon as the system's IR cutoff. For = +1, the universe lies within an accelerating phase in the late time with no further dark energy element. As L 3r c , Eq.11 reduces to the main holographic dark energy density. Taking time derivative of relation 11 leads us tȯ
Figure 1: The evolution of Hubble parameter (H/H 0 ).
Taking time derivative of Eq. 6 and using Eq.. 9, 11 and 12 yieldṡ
where ρ m 0 is the integration constant in Eqs. 9 and10 and Ω m 0 = ρm 0 3H 0 is the matter density parameter of present time. Solving Eq. 13 with some considerations d/dx = −(1 + z)d/dz and H =Ḣ/H, one can check the evolution of Hubble parameter versus redshift as seen in Fig. 1 . In the flat universe
) and Eq.13, we can plot Fig. 1 . This Fig. demonstrates a good compatibility with observational data [94] , [95] . In order to understand the behavior of the current model, using Eq. 10 we can extract the EoS parameter
The combination of Eqs. 11, 12 and 14 yields
Using Eq. 13 into 15 we plot the right plan of Fig. 2 . The deceleration parameter can be explained as
and using Eq. 13 we have
The evolutions of Hubble parameter, Deceleration parameter and equation of state against redshift are plotted in Fig. 1and 2 respectively. We find b 2 as a positive small value using observational data which it is mentioned in [96, 97] as well.
Figure 2: The evolution of the equation of state and the deceleration parameter in terms of redshift
In Fig. 2 , the deceleration parameter is very close to −1 which denotes a behavior similar to cold dark matter and shows the universe with accelerated rate of the whole expansion.The equation of state also just lies in phanton realm (ω D < −1) since the model wintnesses the interaction between dark components b 2 > 0.
DIAGNOSTIC RECOGNITION
In this section we propose two tracing tools to check the characteristic of the present Dark energy model.
Om-DIAGNOSTIC
To check different periods of the universe, the Om-diagnostic tool has been proposed [98] . The behavior of DE model can be discriminated by the use of this dignostic tool and also according to resulted trajectories in the final plot. This plot is divided into two parts. Phantom-like (ω D < 1) for the positive trajectories of Om(x) and quintessence (ω D > 1) for the negative value of trajectories. The Om-diagnostic tool may be defined as
where Fig.3 . It is obvious that in the late time the trajectories for interacting and non-interacting mode present positive values conveying phantom like behavior and emphasizing on the EoS parameter result as seen in Fig.2 . However, in z + 1 > 1, the trajectories demonstrate negative values which implies an universe with quintessence behavior. 
STATEFINDER DIAGNOSIS PAIR
In spite of the fact that the evolution of cosmic expansion is defined by the Hubble parameter (H) and rate of acceleration and deceleration of this expansion is explained by Eq. 15 and 17, we cannot clearly differentiate various dark energy models using these two parameters when H > 0 or q < 0. Hence, to do proper calculations about distinguishing the various dark energy models and due to the development of observational data during the recent two decades a new geometrical diagnostic pair has been proposed [99, 100] which let us to specify the features of dark energy. This new pair is called StateFinder pair(r, s) r = ...
For investigating statefinder 19 for NHDE in the framework of fractal cosmology, we must haveḦ H 3 . Consequently we can calculate (s). Taking the time derivative of both sides of Eq. 13 we havë
Using Eqs. 13, 17 and 20 into 19 we plot Fig. 4 . In Fig.4 , we can see the evolution of trajectories where the horizontal axis and vertical axis are defined by parameter s and r respectively. As the universe expands, it is interesting to note that the parameter r increases while the parameter s decreases. The evolution of trajectories advance from the positive part of s parameter to negative. In addition, the plot is close to the ΛCDM fixed point area (r, s) = (1, 0) for both interacting and non-interacting form (r = 1.0035, s = −0.0007). The StateFinder trajectory demonstrates the Chaplygin gas behavior (where s < 0, r > 1). Moreover, it shows that s < 0 corresponding to a phantom-like Dark energy behavior. This is an affirmation on the equation of state results. 
SINGULARITY
Based on [101] we consider the Hubble parameter H as
to understand the type of future singularity it will lead to for the present case. At this juncture it may be noted that for the sake of simplicity without any loss of generality, we have chosen β in the above choice of H and this coincides with β = D(1 − α) in Eq. 5 and this may be considered as a suitable choice as four of the types of signularity discussed below can have feasible ranges of β in consistency with Eq. 5. The finite-time future singularities can be classified as follows [101] :
• Type I (Big Rip) [102] : for t → t 0 , a(t) → ∞, ρ ef f → ∞, |p ef f | → ∞. This corresponds to β > 1 and β = 1. This also includes the cases in which ρ ef f and p ef f are finite at t 0 is also included.
• Type II (sudden): for t → t 0 , a(t) → a 0 , ρ ef f → ρ 0 , |p ef f | → ρ 0 . It corresponds to −1 < β < 1.
• Type III: for t → t 0 , a(t) → a 0 , ρ ef f → ∞, |p ef f | → ∞. This corresponds to 0 < β < 1.
• Type IV: for t → t 0 , a(t) → a 0 , ρ ef f → 0, |p ef f | → 0. and higher derivatives of H diverge. It also includes the case of ρ and or p tending to finite values. It corresponds to β < −1 and β is not an integer.
For the choice of Hubble parameter as in Eq. (21) the scale factor comes out to be
Considering the interaction term as Q = 3b 2 Hρ D i.e. proportional to the dark energy density, using Eq. 12 the EoS parameter is found to be
In this scenario, if t → t 0 and β > 1, then a(t) → ∞ and also Eq. (23) makes it apparent that w D → ∞. In the current scenario we also have using Eq. 12 that
and
Clearly as t tends to t 0 , the ρ D tends to infinity for β = 1 as well as β > 1. As an obvious consequence ρ ef f would tend to ∞. Also, under the same constraints, p ef f → 0. In view of the discussion presented above, it may be interpreted that for interaction term Q chosen proportional to the dark energy density, the model is characterized by Type I i.e. Big Rip singularity. Hence, according to the consideration of general choice for H we observe that the present work conveys the Big Rip singularity as the Type 1. Let us now consider the interaction term proportional to ρ m , i.e. Q = 3b 2 Hρ m as already considered in Section 2 and all the subsequent cosmological parameters are constructed based on this choice. Through simple computation it can be shown that for the present choice of Hubble parameter,Ḣ/H 2 and 1/H tend to 0 as t → t 0 and β > 1 or β = 1. If we use this in Eq. 15 we observe that w D → −1 as t → t 0 and hence we get the asymptotic de Sitter universe. This solution corresponds to the so called w-singularity. This type of solution was obtained in Astashenok et al. [103] , where they constructed phantom energy models with the equation of state parameter w such that the equation of state parameter tends to constant value with time i.e."cosmological constant" with asymptotically de Sitter evolution. Hence, for Q = 3b 2 Hρ m , we have asymptotically de Sitter evolution in the scenario where NHDE is considered in the framework of fractal cosmology. A detailed account on this issue is discussed in [104] .
Power Spectrum
In this section by the use of modified version of the Boltzmann code CAMB § [86] , [87] we compare the present model with ΛCDM model. In the Fig. 5 the temperature power spectrum of the best fitted parameters of NHDE model is depicted. In this case, the interaction between dark sectors results in the enhancement of the acoustic peaks. The interacting NHDE behaves similar to ΛCDM, but the main difference between the NHDE model and ΛCDM model lies before l < 50. In this area, we find that the amplitude of NHDE is lower than ΛCDM which means interacting terms suppress CMB spectrum at low multipoles due to the late ISW effets. This behavior is consistent with [105] showing a phantom-like behavior of the model. The phantom-like behavior leads to smaller c T T l at low-l area.
Figure 5:
The CMB temperature spectra c
T T l
with interacting and non-interacting model of NHDE in the fractal universe. Here we set the decoupling constant known as the interaction component, b = 0 for non-interacting and b = 0.035 for interacting model. The plot of noninteracting model coincide the ΛCDM model and behave similar to cold dark matter. As we can see, the interacting model leads to suppression of the CMB temperature at l < 50.
Data Analysis Methods
Using the latest observational data including SN Ia, BAO, CMB and OHD, we constrain the free parameters of current model to obtain the best fit values. For this purpose, we use the minimized chi-square test for 1σ and 2σ confidence area. For the Supernova type Ia (SNIa), we use the compressed Joint Light Analysis (cJLA) data set of 30 binned check points with the range of redshift z = [0.01, 1.3] [106] . The χ 2 function for SNIa having an accurate approximation of the full JLA likelihood is
in which
and 
Also, µ b stands for the observational distance modulus, M is a free normalization parameter which should be constrained and the dimensionless luminosity distance is defined as
For Baryon Acoustic Oscillations (BAO), we use the BOSS DR12 including six data points [107] . The χ 2 BAO function can be explained as χ
where X for six data points will be
and r s,f id =147.78 Mpc is the sound horizon of fiducial model,
is the comoving angular diameter distance. The sound horizon at the decoupling time r s (z d ) is defined as
in which c s = 1/ 3(1 + R b /(1 + z)) is the sound speed with R b = 31500Ω b h 2 (2.726/2.7) −4 . The covariance matrix Cov BAO [107] is: 
Studying the expansion time line of the universe, we check Cosmic Microwave Background(CMB). For this, we use Planck 2015 data set [108] . The χ 2 CM B function may be explained as
where q 1 = R(z * ), q 2 = l A (z * ) and q 3 = ω b and Cov CM B is the covariance matrix [108] . The datapoints of Planck 2015 are
The acoustic scale l A is
in which r s (z * ) is the comoving sound horizon at the drag epoch (z * ). The function of redshift at the drag epoch is [109] z * = 1048 1 + 0.00124 Ω b h 2 −0.738
where
The CMB shift parameter is [110] 
For studying the cosmic expansion history, the specification of Hubbe parameter using observational data is of utmost importance . The χ 2 OHD is
We use 43 data points in the redshift range 0 < z < 2.5 [111] Eventually, the χ 2 for SN Ia, BAO and CMB is
Using minimized χ 2 total , we can constrain and obtain the best fit values of the free parameters. The best-fit values of Ω m , H 0 , β, c, b 2 , r c and M by consideration of the 1σ and 2σ confidence level are shown in the Using the latest observational data sets, we have plotted 2D confidence region of the important parameters of the current model in Fig. 6 .
CONCOLUSIONS
In this paper, we studied a new holographic dark energy model with Hubble horizon as IR cutoff in fractal universe for flat FRW space. The features of fractal cosmology could remove ultraviolet divergencies and also make a better understanding of the universe in different dimensions. There are many models of holographic dark energy created by cosmologists with various cosmological constraints and explain that the size of L as the horizon length should be less than the mass of black hole with the same size. In order to prevent formation of black hole, the minus sign of the equation of state of dark energy is not enough. Phantom-like dark energy is the most appropriate condition to avoid the formation of black hole (ω D < −1). In the present work, calculation of the EoS parameter for NHDE with Hubble horizon as IR cutoff demonstrated that the EoS parameter lies in phantom realm for interacting mode (b 2 = 0.035-fitted with recent observational data) as seen in Fig. 2 . Plotting the deceleration parameter showed an accelerating expansion for the universe and behaves approximately similar to the cold dark matter. The plot of the Om-diagnostic tool against redshift by taking x = ln(1 + z) −1 is shown in Fig. 3 . It may be noted that the choice of HDE in this work is a very particular example of generalized HDE introduced in Nojiri and Odintsov, where a phantom cosmology based approach towards unification of early and late-time universe was proposed.
The positive value of the trajectories in the Om-diagnostic plane in the late time for all values of the coupling constant can be observed, which indicates the phantom behavior and shows a suitable uniformity with the equation of state parameter obtained by observational data. The r −s StateFinder plane for the present framework is plotted in Fig. 4 . We can see that all trajectories for all cases of b 2 in the r − s plane meet the ΛCDM fixed point (r, s) = (1, 0). The StateFinder trajectories indicate the Chaplygin gas behavior for NHDE (where s < 0, r > 1) and also it shown a phantom-like behavior (s < 0). This is consistent with the equation of state results. For further information, the main model of NHDE [85] in the simple FRW universe could hardly reach the phantom area and according to the Eos parameter, its behavior is similar to quintessence DE. We, also have studied the future singularities for NHDE in the framework of fractal cosmology for two types of interaction term Q considering the Hubble parameter as H = ( h t 0 −t ) β + H 0 . For Q to be proportional to the energy density, it is observed that the model is characterized by Type I i.e. Big Rip singularity. However, for Q proportional to matter density, the model is found to have asymptotic de Sitter solution corresponding to the so called w-singularity. In this connection it may be noted that an explicit cosmological model involving w-singularity was proposed in having finite scale factor, vanishing energy density and pressure, and the only singular behavior appears in the barotropic index w(t).
Finally, in order to check compatibility with observational data and fitting the free parameters, we used cJLA compilation for SNIa, six observational points of BAO from BOSS DR12, Planck 2015 for CMB and current observational data points for OHD. Using MCMC method and the combination of the latest observational data sets we obtained Ω m0 = 0.278 
